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Chapter 28
Experimental and Multiscale Numerical Studies
of Woven Fabric Carbon Composite Cylinder
Subjected to Internal Pressure Loading
Young W. Kwon, Timothy D. Ponshock, and John D. Molitoris
28.1 Introduction
Composite materials have been used increasingly for various applications from
sporting equipment to engineering components. Initially, fiber composites were
mostly used for applications where stiffness played an important role. As more
research continued with better understanding of the material behavior, their appli-
cations have been expanded for structural components for which strength is
critical. Especially, carbon fiber composites were the major player for the strength
applications because of their high strength property. There are too many examples
to be mentioned. Examples of large-scale composite structures are commercial
and military aircraft and ships. More recently, more extreme loading applications
have been studied [1–5] where composite cylinders were used to contain explosive
materials.
As composite materials are designed and analyzed for strength application,
reliable damage and failure criteria should be used. First of all, failure criteria
for fibrous composite materials were developed by modifying those for metallic
materials. Because metallic materials are assumed to be isotropic with equal strength
in every direction, the failure criteria for metallic materials are based on stress
invariants, especially of deviatoric stress components. However, fibrous composite
materials have strength which depends on the orientation of the loading relative
to the fiber direction. Because fibers are the major load-carrying materials, the
strength in the fiber direction is much greater than that in the perpendicular direction.
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Additionally, the tensile strength in the fiber direction is generally greater than the
compressive strength in the same direction.
Many failure criteria were proposed for fibrous composite materials [6–10].
All those criteria are at the macroscale of the fibrous composite. One failure
criterion proposed in Ref. [11] was a second-order polynomial theory for anisotropic
materials, and that is expressed as
Fii C Fijij D 1 i; j D 1; 2; : : : ; 6 (28.1)
where Fi and Fij are the strength parameters to be determined experimentally and
 i is the stress in the vector format. For an orthotropic lamina under the plane stress
condition, Eq. (28.1) is rewritten as
F11 C F22 C F66 C F1121 C F2222 C F6626 C 2F1212 D 1 (28.2)
in which the strength parameters can be determined from the tensile and compres-
sive strength of the fibrous composite in both the fiber direction called Xt and Xc and
the transverse orientation called Yt and Yc, respectively. In addition, a biaxial test is
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where S12 is the in-plane shear strength. Later, a revision for the F12 was proposed
[11] such that
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Such a failure criterion is a phenomenological expression and does not distin-
guish different failure modes explicitly such as fiber failure, matrix cracking, and
fiber/matrix interface debonding. Another type of failure criterion attempted to











 D 1 for tensile fiber failure (28.5a)













 D1 for tensile matrix failure
(28.5c)
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 D 1 for compressive matrix failure (28.5d)
where 13 and 23 are the out-of-plane shear stresses of the lamina, 33 is the normal
stress in the thickness direction, and St is the transverse shear strength.
The previously mentioned failure criteria are based on the stress components.
Alternatively, strain-based failure criteria were also proposed [12]. The stress-based
and strain-based criteria can be converted from one to the other, and the equivalence
can be shown between them. All those failure criteria required experimental tests at
the laminar level. Even though the same fiber and matrix materials were used, the
experimental tests would be conducted again if there were a change in the fiber
volume fraction. In addition, thermal stresses cannot be properly represented in
the failure criteria. For example, let us consider a unidirectional fibrous composite
sample without any constraint. The fibrous composite sample has a constant
temperature initially. Then, the composite sample is subjected to a uniform heat
flux such that the composite reaches another uniform temperature. Because there
is no constraint, the composite sample will expand or contract freely depending on
the temperature change, and there is no stress at the macroscale level, i.e., at the
composite lamina level. However, there are significant stresses at the microscale
level because of the mismatch in the coefficients of thermal expansion of the fiber
and matrix materials. The stress in one material is in tension, while that in the other
material is in compression of the same magnitude such that they cancel each other
at the macroscale level. Therefore, such stresses at the constituent material level
influence failure loads of the composite sample.
In order to overcome such limitations, new failure criteria were proposed based
on multiscale models. In the new criteria, stresses and strains at the constituent
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material level are computed, and the failure criteria are applied to those stresses
or strains. As a result, more physics-based failure criteria can be expressed with
simplified failure modes. The failure criteria based on the constituent material level
are described in the next section.
One of composite applications is a pressure vessel or a pipe which can hold
internal pressure loading. There has been extensive research for composite pipes
under different loading conditions [13–20]. The eventual goal of the present study
is to design carbon fiber composite cylinders to contain high explosive materials.
In order to achieve the goal, it is necessary to be able to test carbon composite
cylinders under internal pressure loading as well as to model and simulate the
behavior accurately. Because explosive testing is expensive and risky, it is desirable
to minimize live fire testing. Therefore, static internal pressure tests were conducted,
and the multiscale modeling was also undertaken to validate the model as the
starting point.
In this study, a simple mechanical device was designed and fabricated so that
internal pressure loading could be applied using a uniaxial loading frame without
using any fluid. The loading device was validated using the finite element analysis
(FEA) of the device as well as experiments using aluminum alloy cylinders. Then,
the device was used to test carbon fiber composite cylinders for their burst pressure.
Furthermore, the multiscale analysis technique developed in Ref. [21–25] was
used to predict the burst strain of the same composite cylinders. The multiscale
model begins with the constituent materials such as fibers and the matrix material.
Failure criteria were also applied at the constituent materials such as fiber failure in
compression or tension, matrix cracking, and fiber/matrix debonding. A composite
cylinder subjected to internal pressure experiences tensile loading along the hoop
direction. Therefore, the fiber tensile strength was used for the present study.
The next section describes how composite cylinders were fabricated using plain
weave composite fabrics. Then, the multiscale analysis model is presented followed
by the detailed description of the new mechanical device for internal pressure
loading. Subsequently, experimental and numerical studies were conducted for both
composite cylinders and tensile test coupons. Finally, conclusions are provided.
28.2 Fabrication of Composite Cylinders
Composite cylinders are usually fabricated using the filament winding technique.
Another simple technique is to wrap a woven fabric composite sheet over a
cylindrical object. The latter technique was used in this study. Some detailed
description of the fabrication process is described below.
The mold was made of a hollow aluminum tube with the outer diameter 7.62 cm
(3 in). Two standard metal shelf supports were mounted to a sheet of wood to create
a support base for the cylinder form. A large wood dowel was then inserted into the
aluminum tube, and screws were used to connect the cylinder form to the support
base. A layer of release ply paper and a layer of Teflon sheet were wrapped around
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Fig. 28.1 Cylinder mold prepared for composite cylinder layup
the aluminum cylinder in order to ensure an easy release after the fabrication. Then,
two rubber couplers were inserted into the aluminum tube so that composite layers
would be placed between the two couplers. Figure 28.1 shows the mold prepared
for the composite cylinder.
Before wrapping the composite fabric, the resin and hardener were thoroughly
mixed in a ratio 4.17 by weight. Following the mixture, the epoxy was applied to
either side of the composite fabric for the portion to be used for the first layer as
well as the mold rig. This initial application ensures complete epoxy coverage for
the first wrap of the fiber strip to minimize voids during the curing process. Next, the
composite fabric was wrapped around the cylindrical mold. Before every layer of
wrapping, epoxy was applied evenly. Maintaining tension on the fiber strip during
the wrapping process is a key to fabricating a uniformly thick cylinder with minimal
voids.
Then, a strip of the perforated release ply and the breather cloth were applied to
the wrapped composites. The breather cloth absorbs any excess epoxy that is pressed
through the perforated release ply. The entire mold cylinder was then removed from
the base, and a spiral-wound line was connected between the mold cylinder and a
vacuum pump. Then, the mold cylinder was inserted into a vacuum bag to take out
air from the wrapped composite.
The partially cured composite cylinder was inspected. In order to ensure a
uniform thickness and the smooth outer surface, a roller was used and a cylindrical
rubber was wrapped tightly around the composite cylinder. The perforated release
ply and breather cloth were again used along with a vacuum bag for final curing.
Following the final cure, the composite cylinder and the mold were removed from
the vacuum bag, breather cloth, and perforated peel ply. Following removal from the
mold, the top and bottom guide and the outer surface form were removed from the
composite cylinder, which resulted in the rough cylinder in its both edges as shown
in Fig. 28.2. The rough edges were trimmed using a rotary cutting tool to make the
final composite cylinders with length of 7.62 cm (3 in).
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Fig. 28.2 Rough carbon fiber composite cylinder after removal from mold
28.3 Multiscale Analysis Technique
As described previously, in order to apply failure criteria at the constituent material
level, a multiscale modeling technique was developed [21–29] for various types
of composite materials such as particulate, fibrous, short fiber, and woven fabric
composites. The multiscale analysis technique is based on the constituent materials.
The final composite structure is constructed analytically from the constituent
materials. For example, Fig. 28.2 shows the hierarchy of a woven fabric composite
cylinder. The composite cylinder was fabricated by wrapping the plain weave fabrics
which consists of the weft and warp. The fabric was made of fibers. Then, resin or
epoxy matrix materials were applied to the fiber materials. This is illustrated by the
arrows in Fig. 28.2.
As a result, the multiscale analysis technique computes the material properties
of the composite cylinders using the hierarchy of the structure and the constituent
material properties. Figure 28.3 sketches the multiscale analysis technique. Espe-
cially, the forward loop in the figure is the process to compute the effective
material properties of the composite cylinder. The material properties of the fibrous
composite are computed from the material properties of the fiber and matrix.
Then, the material properties of the woven fabric are calculated from the fibrous
composite properties and the weave architecture. If local damage or failure occurs
and progresses, these computations must be conducted repeatedly. Hence, detailed
numerical models of the unidirectional and woven fabric composites are not
practical. The computational cost would be very expensive. In order to make the
analysis process computationally efficient, analytical models were developed based
on the concept of a repeated unit-cell model. Hence, the forward loop or called
stiffness loop does not require any major numerical computations.
























Fig. 28.3 Multiscale analysis process
Once the effective material properties of the carbon composite cylinder are
determined, a finite element analysis is conducted for the composite cylinder which
is subjected to given loading and boundary conditions. Even though the eventual
analysis is for explosive loading inside the carbon fiber composite cylinder, the
current study was focused on static internal pressure loading as described later.
There are a couple of different ways to model laminated composite structures.
One is to model the whole layers as a single element. When this is undertaken,
there are two choices. The whole layers are smeared into an equivalent single layer
using the lamination theory [11, 30–32]. The other alternative is to use multiple
numerical integration points through the thickness of the whole layer such that
different material properties at different layers can be considered at those numerical
integration points. The latter is more effective than the former. One drawback of
the both techniques is their difficulty with modeling any delamination between two
neighboring layers, which is a very common damage mode. In order to overcome
this, each layer can be modeled using a separate finite element. However, modeling
each layer using 3-D solid elements is not numerically plausible because the element
aspect ratio would be so huge. Instead, shell elements are used. In order to have shell
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elements layered on top of another, 3-D solid-like shell elements would be useful
[33–38]. In other words, the 3-D-like shell element uses the shell formulation but has
displacements as nodal degrees of freedom without rotational degrees of freedom.
Because the nodes are located at the bottom and top surfaces of the shell element,
those shell elements can be stacked one another like 3-D solid elements. However,
the shell element can represent a large aspect ratio of the element. If necessary,
resin layers between two composite layers can be modeled explicitly to represent
potential delamination. Previous studies [39, 40] showed that modeling those resin
layers explicitly was important to predict delamination damage accurately.
The finite element analysis provides deformations, strains, and stresses of the
composite structure. Those strains and stresses are the effective strains and stresses
at each lamina level. If a laminar level failure criterion, as expressed in Eqs. (28.2)
and (28.5), is used, these stresses components are used directly. However, in the
present multiscale analysis technique, those strains and stresses are decomposed to
the strains and stresses at the constituent material level such as fiber and matrix. In
order to accomplish this, the same analytical unit-cell models used in the forward
loop are used and this process is called “backward loop” as shown in Fig. 28.3. The
backward loop is also called the strength loop.
The two analytical models are called fiber-strand and strand-fabric whose
unit-cells are sketched in Fig. 28.4. As stated, the both models utilize unit-cell
models. They compute the effective material properties in the forward loop. In
other words, the fiber-strand model determines the effective material properties
of the unidirectional composites made of fiber and matrix materials, while the
strand-fabric model computes the effective material properties of the woven fabric
composite using the geometric data of the woven fabric and the unidirectional
composite materials. The effective properties of the woven fabric are used for the




































Fig. 28.4 Unit-cell models for (a) fiber-strand and (b) strand-fabric models
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If an analytical solution is available, it can be used instead. Either the finite element
analysis or analytical solution gives macro-level stresses and strains in the composite
cylinder. These macro-level stresses and strains are decomposed to the microlevel
stresses and strains at the fiber and matrix level using the same two models through
the backward loop.
The failure of the cylinder is determined when the fiber reaches the tensile
strength of the material. The failure criteria at the constituent material level are
expressed as below. The carbon fiber failure is tested using the following equation:
f D ft if f > 0 (28.6a)
ˇ̌
f
ˇ̌ D fc if f < 0 (28.6b)
where  f is the stress which the fiber carries along the fiber direction and ft and fc
are the fiber strength in tension and compression, respectively. The compressional
strength also considers fiber micro-buckling [41, 42]. For the resin material, the
principal strain criterion is used as shown below:
."m/max D et if ."m/max > 0 (28.6c)
j."m/minj D ec if ."m/min < 0 (28.6d)
in which ("m)max and ("m)min are the maximum and minimum principal strains of
the matrix material and et and ec are the failure strain in tension and compression,
respectively.
To save space, only some details of the fiber-strand model are presented
below, while the strand-fabric model is omitted because the basic assumptions
and formulations are similar between the two modules. Details of the modules are
presented in Ref. [21–25].
The unit-cell model for the fiber-strand model is comprised of a rectangular prism
divided into eight quadrants or subcells as shown in Fig. 28.4. Each subcell can be
identified as a different material, and the unit-cell model can solve for equivalent
composite elastic moduli, Poisson’s ratio, and the coefficient of thermal expansion.
The following equations define the equilibrium stress state at the interfaces of the
subcells:
111 D 211 311 D 411 511 D 611 711 D 811 (28.7a)
122 D 322 222 D 422 522 D 722 622 D 822 (28.7b)
133 D 533 233 D 633 333 D 733 433 D 833 (28.7c)
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112 D 212 D 312 D 412 512 D 612 D 712 D 812 (28.8a)
113 D 213 D 513 D 613 313 D 413 D 713 D 813 (28.8b)
123 D 323 D 523 D 723 223 D 423 D 623 D 823 (28.8c)
Here, the first three sets of equations are for the normal stresses, and the other three
sets are for the shear stresses.
The subscripts denote stress components according to the axis in Fig. 28.4,
while the superscripts indicate subcell number. In addition to stress equilibrium,
deformation compatibility must be met for the unit cell. Deformation compatibility
defines the following set of equations:
a1"
1
11 C a2"211 D a1"311 C a2"411 D a1"511 C a2"611 D a1"711 C a2"811 (28.9a)
b1"
1
22 C b2"322 D b1"222 C b2"422 D b1"522 C b2"722 D b1"622 C b2"822 (28.9b)
c1"
1
33 C c2"533 D c1"233 C c2"633 D c1"333 C c2"733 D c1"433 C c2"833 (28.9c)
.a1b1/ "
1
12 C .a2b1/ "212 C .a1b2/ "312 C .a2b2/ "412
D .a1b1/ "512 C .a2b1/ "612 C .a1b2/ "712 C .a2b2/ "812 (28.10a)
.a1c1/ "
1
13 C .a2c1/ "213 C .a1c2/ "513 C .a2c2/ "613
D .a1c1/ "313 C .a2c1/ "413 C .a1c2/ "713 C .a2c2/ "813 (28.10b)
.b1c1/ "
1
23 C .b2c1/ "323 C .b1c2/ "523 C .b2c2/ "723
D .b1c1/ "223 C .b2c1/ "423 C .b1c2/ "623 C .b2c2/ "823 (28.10c)
Furthermore, each subcell has a constitutive equation defining strain as below:
"nij D Cnijklnkl C ˛nij (28.11)
For this model, the thermal expansion of the materials is ignored.
The total unit-cell stress and strain can then be found by averaging the subcell
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Because most of fiber and matrix materials are either isotropic or orthotropic, the
normal and shear components are decoupled. As a result, the two components can be
worked out independently. The mathematical development of the two components is
very similar. Therefore, only the normal components are discussed here. Arranging
above equations for the normal components yields the following equation:
ŒT f"g D ff g (28.14)
where [T] is a 24  24 matrix with the combination of three vectors containing stress
relationships, strain relationships, and constitutive equations:
ŒTT D ŒŒT1 ŒT2 ŒT3 (28.15)
Here, [T1] is a 24  12 matrix of normal stress relationships, [T2] is a 24  9 matrix
of normal strain relationships, and [T3] is a 24  3 matrix of constitutive equations.
Then, ff g is a 24  1 column vector composed of a 21  1 column containing zeros
and a 3  1 column containing the effective normal strains.
ff gT D
n
f0g ˚ "11 "22 "33 
o
(28.16)
Solving Eq. (28.14) produces the following equation:
f"g D ŒT1 ff g (28.17)
The inverse of [T] can be further broken down into three submatrices. These can
be expressed like the following:
ŒT1 D ŒŒR1 ŒR2 ŒR3 (28.18)
f"g D ŒR3 ˚ "11 "22 "33 T (28.19)
Furthermore, Eq. (28.12) can be written as:
fg D ŒV fg (28.20)
As Eqs. (28.11) and (28.19) are substituted into Eq. (28.20), the following unit-
cell stress expression is found:
fg D ŒV .ŒE f"g/ D ŒV ŒE ŒR3 f"g (28.21)
where [E] is a matrix of the inverse of the subcell compliance tensors stated in




 D ŒV ŒE ŒR3 (28.22)
860 Y.W. Kwon et al.
The [Ē] matrix found through Eq. (28.22) is the 3  3 matrix of the unit-cell
stiffness. With these values, Poisson’s ratio of the unit cell can also be found. A
similar method can be utilized to solve for the shear properties of the composite
material.
For the strength loop, Eq. (28.17) is used to compute constituent material level
strains from the composite level strains. Then, Eq. (28.11) is also used to compute
the stresses in the fiber and matrix materials. Hence, this module can complete both
forward and backward loops.
28.4 Experimental Device
Before conducting explosive testing for carbon composite cylinders, static internal
pressure loading was considered for the composite cylinders. As a result, a
mechanical device was developed to apply internal pressure loading to a composite
cylinder instead of using pressurized fluids. The device is sketched in Fig. 28.5, and
it consists of multiple parts. The two upper and bottom rams are used to apply the
axial loading using a uniaxial mechanical testing machine. The eight equal sizes of
wedges are utilized to transfer the axial loading to the radial loading like internal
pressure loading. The guide pin is used to maintain the rams in the collinear axis. A
shim may be used between the composite cylinder and the wedges if there is a small
gap in the beginning before applying the load.
Figures 28.6 and 28.7 show the free body diagrams for the ram and wedge.
After applying the equilibrium equations and assuming Coulomb’s friction law, the




tan   
1 C  tan 

(28.23)
Fig. 28.5 Mechanics device
for internal pressure loading
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Fig. 28.7 Free body diagram
for wedge
where  is the coefficient of friction,  is the angle shown in Figs. 28.6 and 28.7,
and a and L are the outer radius and the length of the wedge. The present wedge has
the angle  D 80ı
For an axisymmetric cylinder, the hoop strains at the inner and outer surfaces of
the cylinder are written as
"ih D
a2pi
E .b2  a2/








E .b2  a2/ (28.25)
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in which a, b, and E are the inner and outer radii and the elastic modulus of the
cylinder. From Eqs. (28.23) to (28.25), we obtain the following expression:
"oh D
2aF
E .b2  a2/ L

tan   






E .b2  a2/ L





tan   
1 C  tan 

(28.27)
The hoop stress at the inner wall of the cylinder is
 ih D

a2 C b2 F
E .b2  a2/ aL

tan   
1 C  tan 

(28.28)
As the thickness of the cylinder becomes much smaller than the cylinder radius, Eq.





tan   
1 C  tan 

(28.29)
The material used for the device should be very stiff and strong such that the
device has a minimal deformation and does not yield during the test. Of course, this
requirement is relative to the cylinder material. To this end, the 1704 PH stainless
steel was selected for the device material. In order to validate the application
of the device for internal pressure loading, a finite element analysis (FEA) was
conducted for the device with a 6061 T6 aluminum alloy cylinder which has the
height 7.62 cm (3 in), the inside diameter 7.62 cm (3 in), and the wall thickness
0.3175 cm (0.125 in). In the finite element model, the bottom ram was fixed, while
the top ram was pushed down for a specific distance. The distance was determined
using the expected hoop strain in the cylinder assuming the rams and wedges were
rigid. This expected strain was called the target hoop strain which was ranging from
0.001 to 0.01. Because the rams and wedges are not rigid materials, there should
be some difference between the target strain and the FEA strain. For this study, the
coefficient of fiction was assumed 0.01. The stainless steel has the elastic modulus
200 GPa and Poisson’s ratio 0.28, while the aluminum alloy has the elastic modulus
68.9 GPa and Poisson’s ratio 0.33. Since elastic analysis was conducted for FEA, the
stress level was lower than yield strength of both materials. Table 28.1 compares the
target strain and the FEA strain at different strain levels. The difference is about 7 %.
Because of the deformation in the rams and wedges, the FEA strains were smaller
than the target strain. If there is no measurement of strain, the target strain may be
used as a conservative representation of the actual strain. However, in the following
studies, a hoop strain was measured using a strain gauge (Tables 28.2 and 28.3).
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Table 28.1 FEA result for aluminum cylinder
Target hoop strain 0.001 0.002 0.003 0.004
FEA hoop strain 0.000931 0.001855 0.002779 0.003706
Error 6.92 % 7.28 % 7.37 % 7.36 %
Table 28.2 Properties of carbon fiber and matrix materials







Carbon fiber 221 13.8 13.8 5.5 0.20 0.25 3538 –
Matrix 4.4 4.4 1.6 1.6 0.34 0.34 159 100
Table 28.3 Comparison of properties of unidirectional fibrous composite (fiber volume
fraction 0.7)
EL (GPa) ET (GPa) 	LT 	TT Long strength (MPa) Transverse strength (MPa)
Present 156 10.2 0.24 0.54 2543 148
Ref. [43] 151 10.1 0.24 0.50 2550 152
28.5 Results and Discussion
The multiscale analysis technique has been validated against many experimental
data, especially for the effective material properties at different length scales. For
example, effective material properties of the fibrous and woven fabric composites
were studied. Table 28.2 shows the material properties of the fiber and matrix mate-
rials [43]. Then, the effective material properties of the unidirectional composite
made of the fiber and matrix materials were computed using the fiber-strand unit-cell
model and compared to the data in Ref. [43]. Both effective stiffness and strength
results agreed very well each other [23]. The next example examined a plain weave
composite made of carbon/epoxy materials as given in Table 28.4 [44] using the
strand-fabric unit-cell model. The computed effective stiffness of the plain weave
fabric was compared to the experimental data [23, 44, 45]. The predicted solution
agreed well with the published data.
Then, the whole multiscale analysis technique was applied to the present carbon
composite cylinders. Before applying the multiscale analysis technique to carbon
composite cylinders, uniaxial tensile coupons were considered. The test coupons
were fabricated using the same plain weave composites made of carbon fibers. The
purpose of these coupons and tensile tests was to check the material properties
of the composite. Both tensile coupons and cylinders had woven layers 0ı/90ı so
that the laminated composites were quasi-isotropic. Figure 28.8 shows the carbon
composite tensile test coupons after failure. A set of strain gauges were attached to
each test coupon, one in the axial direction and the other in the transverse direction.
Figure 28.9 shows a typical stress-strain plot of the carbon composite coupon.
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Table 28.4 Material properties of carbon/epoxy strands and resin
EL (GPa) ET (GPa) GLT (GPa) GTT (GPa) 	LT 	TT
Carbon/epoxy 134 10.2 5.52 3.43 0.30 0.49
Epoxy 3.45 3.45 1.28 1.28 0.35 0.35
Fig. 28.8 Tensile specimens
after testing
Fig. 28.9 Tensile test data
The elastic modulus was determined from the stress-strain curve and it is 40.0 GPa
and the Poisson’s ratio is 0.14. The stress at failure is 500 MPa, and the specimen
fractured at the maximum strain of 0.0135 m/m (Table 28.5).
The multiscale analysis model depicted in Fig. 28.3 was used to predict the
material behavior of the tensile test coupon. Both fiber-strand and strand-fabric
models were used one after the other sequentially. The multiscale analysis requires
fiber and matrix material properties as well as their volume fractions and geometric
data of the plain weave architecture. The elastic modulus of the carbon fiber is
230 GPa and Poisson’s ratio is 0.2. The carbon fiber has the tensile strength
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Table 28.5 Comparison of stiffness of plain weave composite made of
carbon fiber and epoxy
EL (GPa) ET (GPa) GLT (GPa) GTT (GPa) 	LT 	TT
Present 54.9 10.2 4.28 3.47 0.02 0.47
Ref. [44] 55.5 – 4.93 – 0.06 –
Ref. [45] 56.1 10.4 5.08 3.71 0.03 0.59
Fig. 28.10 Sketch of single





3530 MPa and the fracture strain 0.015 m/m. On the other hand, the elastic modulus
of the matrix material is 1.64 GPa, and Poisson’s ratio is 0.33. The fiber volume
fraction for the unidirectional model used for the fiber-strand model was assumed to
be 0.35. The plain weave fabric has the geometric data a D 4 mm, b D 1.5 mm, and
t D 0.25 mm as sketched for a single tow strand in Fig. 28.10. Some of these data
were measured, while others were obtained from the manufacture specifications.
The multiscale analysis computed the effective elastic modulus and the fracture
strain of the carbon composite tensile coupon. First of all, the fiber-strand model
resulted in the effective modulus of the unidirectional fibrous composite equal
to 81.6 GPa, and the effective modulus of the woven fabric was 39.9 GPa. The
Poisson’s ratio of the fabric was 0.014. Both of these values agreed well with
the tensile test data. The fracture strain was 0.013 m/m. The fracture strain was
computed when the carbon fibers reached their failure strength as provided above.
The predicted values were in good agreement with the measured data. This gave a
good confirmation that the constituent material properties as well as other geometric
data were reasonable. Then, the same data were used for the subsequent study for
composite cylinder subjected to internal pressure loading.
Carbon composite cylinders were tested using the mechanical device described
previously. In order to correlate the applied axial force F to internal pressure,
the coefficient of friction is needed. To determine the coefficient, an aluminum
alloy cylinder was used, while strain gauges were attached to the aluminum alloy
cylinder. The applied force and the hoop strain at the outside surface of the cylinder
were substituted to Eq. (28.26) to determine the coefficient of friction between the
rams and wedges. The coefficient of friction was 0.12 from the test. Figure 28.11
compares the experimental data from the aluminum cylinder and the result from Eq.
(28.26) with the coefficient of friction 0.12. They agreed very well as long as the
cylinder deformed in the linear elastic range. Once there was plastic deformation,
Eq. (28.26) is not valid any more. However, this is not a concern for the carbon fiber
composite cylinder because the carbon composite behaves linearly until fracture.
Furthermore, it is a reasonable assumption that the coefficient of friction remains
constant independent of the loading magnitude as long as the same lubricant is used.
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Fig. 28.11 Frictional coefficient obtained from aluminum cylinder test
Fig. 28.12 Test result of composite cylinder
Experiments were undertaken for three composite cylinders whose inner radius
is 7.62 cm (3 in). There is some variation in thickness with the average wall
thickness 2.5 mm. A typical load vs. strain curves are plotted for a carbon composite
cylinder in Fig. 28.12. Three strain gauges were attached to the cylinder along
the circumferential direction. The whole set of wedges consists of eight pieces.
As a result, the wedges are piecewise continuous along the circumference of the
cylinder. As the wedges push out the cylinder, the cylinder locations corresponding
to gaps between two neighboring wedges experience less strains compared to other
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locations. Figure 28.12 confirms this observation. In the figure, the hoop strain
gauge #1 was placed at the cylinder location between two wedges, while the other
two hoop strain gauges were placed at the cylinder locations corresponding to the
middle of the wedges. Therefore, strain gauge #1 yielded a lower strain than the
others which were very close.
Because strain gauges #2 and 3 represent the response of the cylinder under
internal pressure loading better than gauge #1, the failure load and strain were
obtained from the two strain gauges. The failure load was 70 kN and the fracture
hoop strain was 0.010. Those values were compared to the results from the
multiscale analysis. The initial results showed that the predicted failure strain was
about 25 % lower than the experimental value. The initial model assumed a uniform
wall thickness. However, the actual measurement of the cylinders showed that the
wall thickness varied 6 % around the cylinder. Because the cylinder was fabricated
as shown in Fig. 28.1, resins flew down during the curing process. As a result, the
bottom side of the cylinder was thicker than the top side in Fig. 28.1. Considering
this, a new FEA was conducted with a gradual change in thickness along the
hoop direction, and the multiscale analysis was also conducted along with the new
FEA model. The predicted failure hoop strain was 0.0098 m/m, and the predicted
maximum force was 76 kN which was equivalent to the internal pressure 13 MPa.
These numerical values were in good agreement with the experimental results of the
composite cylinders.
28.6 Conclusions
A new mechanical device consisting of rams and wedges were designed and
manufactured so that internal pressure loading can be applied to the inside of a
cylinder without using any fluid. Then, carbon composite cylinders were tested
using the new mechanical device to determine their failure load/pressure and the
fracture strain. The experimentally measured values were compared to the values
predicted using the multiscale analysis model. The two results agreed very well. One
parameter is required in the mechanical device, which is the coefficient of friction
between the rams and wedges. The coefficient was obtained from an experimental
study on an aluminum alloy cylinder by measuring the applied axial force and the
hoop strain on the cylinder. For the current device, the coefficient was 0.12.
The success of the developed mechanical device for internal pressure loading
as well as the reliable multiscale analysis technique will lead to initial designs of
carbon composite cylinders containing high explosive materials. Then, limited tests
will be conducted for the composite cylinders with the high explosive loading to
refine the design. Eventually, carbon fiber composites will be designed and used
for extreme loading environment because of high strength and stiffness with low
density.
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